This paper describes the recent advances in semiconductor photodiodes for use in ultra-high-speed optical systems. We developed two types of waveguide photodiodes (WG-PD) -an evanescently coupled waveguide photodiode (EC-WG-PD) and a separated-absorption-andmultiplication waveguide avalanche photodiode (WG-APD). The EC-WG-PD is very robust under high optical input operation because of its distribution of photo current density along the light propagation. The EC-WG-PD simultaneously exhibited a high external quantum efficiency of 70% for both 1310 and 1550 nm, and a wide bandwidth of more than 40 GHz. The WG-APD, on the other hand, has a wide bandwidth of 36.5 GHz and a gain-bandwidth product of 170 GHz as a result of its small waveguide mesa structure and a thin multiplication layer. Record high receiver sensitivity of −19.6 dBm at 40 Gbps was achieved. Additionally, a monolithically integrated dual EC-WG-PD for differential phase shift-keying (DPSK) systems was developed. Each PD has equivalent characteristics with 3-dB-down bandwidth of more than 40 GHz and external quantum efficiency of 70% at 1550 nm. key words: PIN photodiode (PIN-PD), avalanche photodiode (APD), waveguide photodiode, evanescently coupled photodiode, differential phase shift-keying (DPSK) 
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Introduction
The expansion of Internet traffic has created great demand for increased transmission capacity in fiber-optic networks and for a boost in the transmission speed to over 40 Gbps. To make ultra-high-speed transmission systems cost-effective and practical, high performance receivers operating at this speed are needed. Wideband, high-efficiency photodiodes (PDs) are key components in such receivers. An edgeilluminated waveguide PD (WG-PD) has proven to be attractive for ultra-high-speed operation because it permits thinning the absorption region to reduce the carrier transit time without deteriorating efficiency [1] - [4] . Recently, a differential phase-shift keying (DPSK) modulation format has been proposed as an attractive approach to long haul communications due to its superior optical signal-to-noise ratio (OSNR) sensitivity compared to the conventional onoff keying modulation format [5] . In the DPSK systems, the use of the integrated differential photodiodes is considered to be effective in obtaining proper system margin and ensuring high productivity [6] , [7] .
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This paper reports the recent progress in developing ultra-high-speed photodiodes. We describe two types of edge-illuminated waveguide photodiodes (WG-PD)an evanescently coupled waveguide photodiode (EC-WG-PD) and a separated-absorption-and-multiplication (SAM) waveguide avalanche photodiode (WG-APD). Additionally, a monolithically integrated dual EC-WG-PD for over 40 Gbps DPSK systems is shown.
Evanescently Coupled Waveguide Photodiodes
In general ultra-high-speed transmission systems, high receiver sensitivity has been achieved by using PIN-PDs with erbium-doped fiber pre-amplifiers (EDFAs). Since the PD is installed at the rear of the EDFA, the optical input power to the PD is normally several milliwatts high. In conventional PDs, the high speed response deteriorates at such a high input power level as a result of the space charge effect -the electric field lowering induced by photo-generated carriers. To suppress the space charge effect, we developed a wide bandwidth, high efficiency evanescently coupled waveguide photodiode (EC-WG-PD) that is robust with regard to high input power [8] . The EC-WG-PDs have been investigated as components in monolithic photonic integrated devices. The basic principle is an optical evanescent coupling between PD region and waveguide layer. Figure 1 shows the basic diagram of the EC-WG-PD structure and photocurrent density distributions. A higher photocurrent density causes degradation in the frequency response due to the space charge effect and may lead to damage of the input facet. In a conventional edge-illuminated waveguide photodiode (WG-PD), the input light is directly focused on the edge of an absorption layer, and it is absorbed there in a concentrated manner. In the EC-WG-PD, the ab- sorption layer is partly loaded on a passive waveguide layer. The input light is focused at the edge of the passive waveguide layer and gradually penetrates to the absorption layer because of the refractive index profile. This disperses the photocurrent density in the absorption layer (in the direction of position x), which suggests that the EC-WG-PD would be more robust than the conventional WG-PD under high input power operation. A schematic structure of the EC-WG-PD and an index profile of the graded-index waveguide layer are shown in Fig. 2 . All the semiconductor layers were grown using gas-source molecular beam epitaxy (GS-MBE) on a semiinsulating InP substrate. The distinctive feature of the EC-WG-PD is the thick graded-index waveguide layer. The refractive index of the graded-index waveguide layer gradually increases toward the absorption layer. The waveguide layer consists of InP and InGaAsP layers. The ratio of the thickness of InGaAsP in the waveguide layer increases toward the absorption layer to increase the refractive index. Although the refractive index discontinuously changes, the waveguide layer functions like a graded-index layer because the thickness variation of index is enough thin for the input light wavelength. The InGaAsP waveguide layer is compositional wavelength of 1200 nm to reduce propagation loss over a wide wavelength range, from 1310 to 1550 nm. The thickness of the waveguide layer is an essential design parameter to maximize the efficiency. The maximum photocurrent density monotonically decreases as the guide thickness increases, which means the optical intensity further distributes along the absorption region. However, the thicker waveguide makes the efficiency small because of a reduction in the optical penetration toward the absorption region. In this trade-off relation, the waveguide thickness was designed to be 3.0 μm. A tapered input waveguide was introduced to increase fiber-coupling efficiency and its alignment tolerance. The loaded GaInAs absorption layer was also designed to be 0.5-μm thick, which achieves a high 3-dBdown bandwidth of 40 GHz in consideration of a CR time constant and carrier transit time limits. The PD region was 4-μm wide and 30-μm long. The input waveguide length (d in Fig. 1 ) was as short as 20 μm to reduce propagation loss. The mesa structure was fabricated using a low-damage dry etching process, which made the mesa sidewall sharp and smooth. This fabrication process provides good uniformity and reproducibility, making cost-effective mass production possible.
A fabricated EC-WG-PD with a 30-μm long absorption region achieved a high external quantum efficiency of 65% for 1310 nm and 74% for 1550 nm. The external quantum efficiencies are measured by coupling a semisphericalended single-mode fiber (SMF) to the graded-index waveguide. The polarization dependent loss (PDL) was less than 0.2 dB. A frequency response for an average photocurrent up to 10 mA was measured using an optical component analyzer with an erbium-doped fiber pre-amplifier that provides measurement capability beyond 50 GHz. The signal output from PD was measured through a high speed RF probe. Figure 3 shows the experimental frequency responses. The 3-dB-down bandwidth was 41 GHz at an average photocurrent of 1 mA, and it was 35 GHz at 10 mA. The loaded resistance was 50 Ω, and the bias was 4 V. The EC-WG-PD maintained high-speed performance under high input power, owing to a reduction in the space charge effect. In addition, we observed a clearly eye-opened waveform at 40 Gbps for an implemented single-output receiver module [9] . The module included an InGaP/GaAs hetero-junction transimpedance amplifier (TIA) IC. The highest sensitivity of −11 dBm has been successively achieved at 43 Gbps.
The device must be highly reliable for practical use. The reliability tests under photo-illumination with a photocurrent of 5 mA at 85 • C were examined. No significant degradation in dark current was observed over more than 11,000 hours of stressed operation. We also experimentally evaluated the maximum input power level at which catastrophic damage occurs. For the EC-WG-PDs, it was more than 21 mW, making it approximately twice as robust as the conventional WG-PDs under high input power operation. These performances indicate the EC-WG-PD is suitable for the practical 40 Gbps applications.
Waveguide Avalanche Photodiode
Avalanche photodiodes (APDs) are attractive and preferable for optical networks because their internal gain enables re- ceiver sensitivity higher than that of PIN-PDs. For 40 Gbps applications, the key issues for achieving high sensitivity APDs are a wide bandwidth, high external responsivity, and a high gain-bandwidth (GB) product. Like the PIN-PDs, the edge-illuminated waveguide structure has attracted much attention, and it is capable of a wide bandwidth. We have developed AlInAs/GaInAs waveguide avalanche photodiodes (WG-APDs) by implementing a small mesa structure and a thin (0.1 μm thick) multiplication layer for application in 40 Gbps receivers [10] , [11] . The APD structure widely deployed in fiber-optic detectors consists of separated absorption and multiplication (SAM) regions. Figure 4 shows a schematic diagram of SAM APD and the principle of high-speed performance. The structure consists of a wide-bandgap multiplication layer and a narrow-bandgap absorption layer separated by a field buffer layer that exactly controls the electric field distribution for the SAM structure. Photons are absorbed in the absorption layer, and photo-generated primary electrons or holes are then injected into the multiplication layer to generate secondary electron-hole pairs. The avalanche time must be reduced to increase the bandwidth of the SAM-APD. The avalanche build-up time τ av appears to be the next relational expression for the multiplication factor M [12] :
In this formula, k (k = β/α) is the ionization rate ratio, where β and α are the hole and electron ionization coefficients, respectively. V s is the saturation velocity of photo carriers. W is the multiplication layer thickness. The ionization rate ratio should be small to obtain high-speed characteristics. However, it is essentially limited by the multiplication layer material. Furthermore, the multiplication layer should be as thin as possible to minimize the carrier transit time. However, the minimum value to which the multiplication region can be scaled down is ultimately determined by the increase of tunneling dark current, which will degrade in receiver sensitivity. As shown in Fig. 4 , multiplication thickness W should be optimized in the trade-off relationship between the bandwidth and the dark current [13] .
A schematic view of the WG-APD is shown in Fig. 5 . The APD structures were grown on semi-insulating InP substrates by GS-MBE. The GS-MBE growth ensures welldefined hetero-structures, which are essential for tailoring the electric field profile of the APD. The waveguide structure consists of an AlInAs/GaInAs SAM configuration as a core region sandwiched with AlGaInAs optical guiding layers of 1.2 μm wavelength composition. The multiplication layer was adjusted to be thinned to 0.1 μm in the experiment. A p + -AlInAs field buffer layer was incorporated between the 0.1-μm-thick i-AlInAs multiplication layer and the 0.37μm-thick GaInAs absorption layer to make the desired electric field distribution. The optical guiding layers were designed to be 0.5 μm thick by using a beam-propagation (BPM) method so as to obtain sufficient multi-mode coupling efficiency. The waveguide mesa with a length of 10 μm is a tapered structure in order to increase the coupling efficiency. The width of the front side is 7 μm and that of the rear side is 3 μm. The mesa was fabricated by a wet-etching process.
In the fabricated WG-APDs, the breakdown voltage was 15.5 V. The external quantum efficiency was as high as 60% at 1.55 μm. The dark current at 90% of the breakdown voltage was 100 nA. The 3-dB-down bandwidth at various gains (multiplication factors) is shown in Fig. 6 . The maximum bandwidth of 36.5 GHz at gains of one to two was mainly limited by the CR time constant. At a higher gain, the bandwidth decreased as the gain increased so as to maintain a constant gain-bandwidth product (GB-product) that was limited by the avalanche time. The GB-product was 170 GHz. The bandwidth characteristic is in fairly good agreement with the theoretical prediction estimated by the Fig. 7 Back-to-back receiver sensitivity for WG-APD measured at 40-Gbps. Insert: Eye diagram at multiplication factor of 10.
CR time constant, carrier transit time, and avalanche buildup time. In here, the ionization ratio (k = β/α) and the saturation velocity V s for AlInAs multiplication layer are 0.3 and 4.5 × 10 6 cm/sec respectively. These results are the highest values yet reported for practical semiconductor APDs [14] , [15] .
We tested the receiver sensitivity at 40 Gbps. The maximum bandwidth of a WG-APD receiver including a TIA designed for 40 Gbps operation was 28 GHz at a multiplication factor of 3. The receiver had a bandwidth of 27 GHz at a multiplication factor of 10, owing to a TIA gain peak tuning at about 25 GHz. The receiver sensitivity was measured using non-return-to-zero (NRZ) and a pseudo-random-bitstream (PRBS) length of 2 7 − 1 at 40 Gbps. Figure 7 shows the results of a BER (bit-error-rate) measurement and eyepatterns for the APD receiver. A clear eye-opening was obtained at a multiplication factor of 10. The minimum received power was as low as −19.6 dBm at a BER of 10 −9 and −19.0 dBm at a BER of 10 −10 . Again to the best of our knowledge, this is the first time 40 Gbps operation using an APD receiver has been achieved, and this is the highest sensitivity yet reported for a receiver not employing a fiber pre-amplifier.
Dual Evanescently Coupled Waveguide Photodiodes
Differential phase shift-keying (DPSK) systems have attracted much interest for high sensitivity for ultra-highspeed communications. These systems require integrated photodiodes to receive differential signals from two input ports. Moreover, high power operation is also required, because an EDFA is typically included in the optical line systems. We apply the monolithically integrated dual EC-WG-PDs for 40 Gbps DPSK systems [16] . A schematic structure and an overview microphotograph of the fabricated dual EC-WG-PDs are shown in Fig. 8 . All the semiconductor layers were grown by GS-MBE on semi-insulating InP substrate. Both PDs have the same structure, which consists of an input waveguide region and a PD region. The graded-index waveguide layer consists of InP and InGaAsP layers with a compositional wavelength of 1.2 μm, as shown in Sect. 2. The undoped GaInAs absorption layer was 0.6 μm thick to achieve a high bandwidth of over 40 GHz in consideration of the CR time constant and carrier transit time limits. The device was fabricated using a low-damage dry etching process, which makes it possible to achieve equivalent characteristics between the PDs. Each PD is isolated electrically and optically. The gap between PDs was designed to be 44 μm.
In the fabricated dual EC-WG-PDs, the dark current of PD1 and PD2 was 20 nA at an operation bias of 3 V. Each PD achieved the same low dark current by using the low-damage dry etching process. The external quantum efficiency for each PD achieved 70% for 1550 nm. The capacitance of the PDs was less than 62 fF at 3 V. Figure 9 shows the frequency response of PD1 and PD2 measured using an optical component analyzer. The operation voltage is individually at 3 V. The 3-dB-down bandwidth was observed to be over 40 GHz in each PD. The optical input power was 0 dBm. Figure 10 shows the variation of measured capacitance for PD1 and PD2. The total number of measured PDs was 76 devies. The variation of two PDs was found to be within 5%, which corresponds to the variation of the bandwidth within 3%. This indicates the uniformity of the waveguide mesa fabricated by the dry etching process. Additionally, the operation under high input power level was We also developed a 43 Gbps differential receiver module [17] . The module consists of a dual EC-WG-PD, differential TIA and other optical components. Differential optical signals were coupled to the dual EC-WG-PDs with aspherical lenses. Typical power consumption of the differential receiver module was only 0.33 W. The balance degree of the responsivity was 1.0 with 0.75 A/W. The 3-dB-down bandwidth of 42 GHz and clear eye-opening of each output were obtained. The OSNR (optical signal-to-noise ratio) characteristic achieved was 14.3 dB at the bit error rate of 10 −3 that is able to be the recovery with FEC (forward error correction). These performances indicate the dual EC-WG-PD is suitable for DPSK systems.
Position and Direction of the Development in Semiconductor Photodiodes
As seen in the previous sections, PDs have been developed for over 40 Gbps transmission systems. The key point of the performance is the consistency between efficiency and speed response. The waveguide configuration is attractive for attaining the required performance. In Fig. 11 , the minimum received powers of PIN PDs and APDs are calculated for the transmission speed. In here, the calculations are based on the typical high-impedance amplifier front ends model [18] . The different structures of the front illuminated, back illuminated, and edge illuminated (waveguide) were examined with proper device parameters. The front illuminated PD is conventional structure with surface illumination. The back illuminated PD is relatively high sensitive because of the flip-chip configuration and high quantum efficiency with a reflective surface-electrode. The back illuminated PDs are usually applied for 10 Gbps application [19] . The waveguide PD is attractive for ultra-high-speed operation with the trade-off between quantum efficiency and frequency response. The calculations indicate that the sensitivity of the APD with avalanche gain is improved roughly 10 dB for the PIN-PD. The WG-APD is an effective structure for over 10 Gbps, which originated in a small wave- guide mesa structure and an ultimate thin SAM structure. However, the sensitivity merit inclines to diminishing for over 40 Gbps due to the saturation of gain bandwidth products. In Fig. 11 , our experimental data of the EC-WG-PD (a) (−11 dBm at 43 Gbps) and WG-APD (c) (−19 dBm at 40 Gbps) are shown. In addition, the WG-APD with high quantum efficiency of 94% was developed as a 10 Gbps receiver [20] . The sensitivity of −30.2 dBm at 10 Gbps is shown as (b). These experimental data are in good agreement with the calculation. APD is considered to be the key device for the future optical transmission systems. In particular, WG-APD is attractive for ultra-high-speed systems. Table 1 describes the performance compared with WG-APD and PIN-PD integrated with SOA (semiconductor optical amp). The SOA integrated receiver is competitive with APD in high gain.
The PIN-PD integrated with SOA gets the edge in speed response, which is limited by PIN-PD, and sensitivity. In contrast, the dominants of WG-APD are wide wavelength sensitivity (300 nm), low power consumption, and a simple fabrication process. The operation voltage for ultrahigh-speed performance is less than or equal to 15 V because of thin configuration. Also, with WG-APD, it is easy to achieve hybrid integration on PLC (planar lightwave circuit). We consider that WG-APDs serve as compact, low-power-consumption, and cost effective receiver modules that can be applied for Very Short Reach (VSR) systems and high speed Ether systems.
Furthermore, photonic integration will be the key to cost reduction. For optical signals in DPSK or QPSK (quaternary phase shift-keying) modulation format, photoreceivers require at least two photodiodes. Therefore, photonic integration becomes essential to achieving practical use [21] , as discussed in Sect. 4. In the future, the complex integrated receivers of the optical and electronics devices may serve as the most cost efficient solutions.
Conclusions
We developed two types of wide bandwidth, high efficiency waveguide photodiodes for use in over 40 Gbps receivers: an evanescently coupled waveguide photodiode (EC-WG-PD) and a separated-absorption-and-multiplication waveguide avalanche photodiode (WG-APD). The EC-WG-PD is suitable for use in combination with EDFAs because the EC-WG-PD is more robust in terms of high input power than conventional edge-illuminated WG-PDs. The EC-WG-PDs achieved a high external quantum efficiency of 65% for 1310 nm and 74% for 1550 nm while maintaining a wide bandwidth of more than 40 GHz. We also presented AlInAs/GaInAs WG-APDs as candidates for use in 40-Gbps optical transmission systems. The maximum bandwidth of the fabricated APD was 36.5 GHz, and it had a gainbandwidth product of 170 GHz. The minimum received power was −19.6 dBm at 40 Gbps. This value is the highest sensitivity yet reported for long-wavelength APDs. These developed high-sensitivity optical receivers provide a compact, low-power-consumption option for ultra-high-speed transmission systems.
Additionally, we developed a monolithically integrated dual evanescently coupled waveguide photodiode (dual EC-WG-PD) for DPSK systems. Each PD has equivalent characteristics, with 3-dB-down bandwidth of more than 40 GHz, external quantum efficiency of 70%, and high input power operation. The dual EC-WG-PD is suitable for practical use in 40 Gbps DPSK and the future 100 Gbps DQPSK (differential quaternary phase shift-keying) systems.
